I
ntraprocedural rupture (IPR) has been reported as a frequent complication of intracranial aneurysm treatment. However, its incidence, risk factors, and consequences are not well described. Large-scale prospective studies of endovascular and open surgical treatments have not reported data on IPR. 1, 2 Several retrospective case series from single institutions found varying rates of IPR, ranging from 2% to 4.5% for coiling and from 7.6 to 34.9% for clipping. [3] [4] [5] [6] [7] [8] [9] [10] Among patients with IPR, mortality rates have also varied considerably, ranging 0% to 40% with coiling and 0% to 33% with clipping.
Prior studies of IPR are discordant on the importance of aneurysm location, size, and technical/anatomic factors that may influence the risk of IPR. 5, 7, 11, 12 Furthermore, these studies have been relatively small single center studies with limited follow-up and demographic data, nonstandardized assessment of procedure related disability, thus the ability to identify risk factors and consequences of IPR has been limited. One report found that those with previously ruptured aneurysms were more likely to experience IPR than those with unruptured aneurysms, whether patients were treated with clipping or coiling. 11 In addition, single center experience may not reflect wider practice.
CARAT is an ambidirectional cohort study of 1010 unselected patients presenting with ruptured intracranial aneurysms treated by coil embolization or surgical clipping at 9 highvolume centers in the United States from 1996 to 1998 followed for more than 5 years. 13 The goal of the present study was to quantify the risk and clinical impact of IPR, and to identify predictors of IPR, for coil embolization and surgical clipping.
Methods
The patient selection criteria and procedures for data collection have been described in detail in the original CARAT manuscript. 13 Briefly, 9 US hospitals affiliated with 8 medical centers with expertise in both surgical clipping and endovascular coiling (Ͼ30 patients treated per year) were invited and agreed to participated in CARAT. All patients discharged from January 1, 1996 to December 31, 1998 with a diagnosis of subarachnoid hemorrhage were identified from hospital administrative databases to assure complete case selection. These patient charts were reviewed to determine eligibility, which required treatment of a ruptured saccular aneurysm by surgical clipping, wrapping, or endovascular coil embolization. Patients were not randomized to treatment type; each center determined the treatment modality according to local practice norms so that we could capture usual care.
IPR was identified at the time of first treatment by the operating neurosurgeon or neurointerventionalist, with adjudication by a team of 3 independent physicians (a neurologist, a neurointerventionalist, and a neurosurgeon) reviewing detailed medical records. Agreement of at least 2 of 3 reviewers was required to confirm the event as an IPR. Rankin scores at presentation, postoperatively, and on discharge were derived from medical records by trained analysts using standard criteria. 14 Characteristics of the patient, presentation, and aneurysm were evaluated as predictors of IPR. Univariate comparisons were tested with Fisher's exact test for dichotomous variables and the Wilcoxon Rank Sum Test for continuous and ordinal variables. Multivariate logistic regression was performed stratified by treatment modality with stepwise elimination of variables with PϾ0. 10 , beginning with a model that included all potential predictors. Variables were chosen for the model based on previously established importance in regards to outcome for subarachnoid hemorrhage (eg, Hunt and Hess Grade), posing a technical risk for IPR (eg, size), and epidemiological factors known to influence vascular biology that may influence aneurysm rupture (eg, smoking, sex). Aneurysm size was not included in the main model because it was not measured in some patients treated surgically; in a sensitivity analysis, it was added back to the final multivariable models. New periprocedural death or disability was defined as postprocedural in-hospital death or a change of Ն2 points on the Modified Rankin Scale (mRS) at discharge compared to just before treatment. Wilcoxon Rank Sum Test was performed to determine whether operator experience using the number of cases treated by a practitioner during the study period, as a measure of experience and practice, influenced IPR. All statistical analysis was performed with STATA (Version 8.0).
Results
Among 1010 patients treated (299 coiled, 711 clipped), IPR occurred in 148 (14.6%). IPR was more frequent in those treated with clipping (19%) compared to coiling (5%, PϽ0.001). Race (Pϭ0.03) and lower initial Hunt and Hess Grade (Pϭ0.02) were also associated with IPR in univariate analysis (Table 1) .
Several predictors of IPR were identified in multivariate analysis (Table 2) . Lower initial Hunt and Hess Grade on presentation predicted IPR across all groups: for all patients considered together (Pϭ0.001) and in models limited to those treated surgically (Pϭ0.012) and to those treated endovascularly (Pϭ0.015). In all patients regardless of treatment type, coronary artery disease (OR 1.93, 1.06 to 3.51, Pϭ0.031) and the group of unknown/other race (2.18, 1.30 to 3.65, Pϭ0.003) both predicted IPR. In the endovascular group, chronic obstructive pulmonary disease (13.9, 3.19 Overall, IPR was associated with an increased risk of periprocedural death/disability (34% among those with IPR compared to 17% without, PϽ0.0001). The association was present in patients treated either with surgery or endovascular therapy ( Figure 1 ). Among surgically clipped patients, periprocedural death/disability occurred in 31% with IPR versus 18% without IPR (Pϭ0.001). In the endovascular group, periprocedural death/disability occurred in 63% of those with IPR versus 15% without (PϽ0.001). Furthermore, the risk of new periprocedural death/disability in patients with IPR was greater among those treated with endovascular coiling compared to those with IPR from surgical clipping ( Figure 2 ). When all patients are considered, the risk of periprocedural death/disability with IPR was similar in the 2 treatment groups (endovascular, 3.3% versus 5.8% surgical, Pϭ0.12).
Discussion
We found that IPR was common in patients undergoing treatment of ruptured aneurysms, particularly among those treated with surgical clipping. Our report is consistent with previous literature on IPR from single centers that characterizes it as a relatively frequent adverse event. 11, 15 The rates of IPR in this study for surgical clipping (19%) and endovascular coiling (5%) are within the wide range reported in previously published single-center series. 11 Data from International Subarachnoid Hemorrhage Trial corresponds with our findings, reporting IPR rates of 5.4% and 19% for coiling and clipping respectively (Personal Correspondence, Dr Andrew Molyneux, 2007) . Thus, IPR remains an important complication at high-volume centers throughout Europe and North America that have extensive expertise in aneurysm treatment. This finding is reinforced by the fact that surgical/ endovascular volume in CARAT did not influence the rate of IPR. Thus, the high IPR rates in ISAT do not appear to be indicative of poor surgical skills in the centers that participated relative to high volume centers in the US.
We found that IPR was associated with a greater risk of periprocedural death/disability, whether patients were treated with surgical clipping or endovascular coil embolization. For surgery patients, IPR nearly doubled the risk of new major disability or death. One prior study of 59 surgically clipped patients also found that risk of poor outcome was greater in those with IPR, with mortality doubling from 15% in those without IPR to 31% in those with it; however, the differences were not significant in this small study. 7 Other studies have not shown an impact of IPR on surgical outcomes. 9, 16 The CARAT surgical group included more patients with IPR (nϭ132) than prior studies and thus had more power to assess the impact of IPR on outcome. The present results suggest that IPR has an important detrimental effect on surgical outcome, and that efforts to reduce its risk and manage its consequences are well justified. 16 IPR during coil embolization had an even greater impact on risk of periprocedural death/disability, with a 4-fold increased risk among those with IPR (63%) compared to those without (15%). This finding is consistent with the majority of previous reports that identified a high morbidity and mortality with IPR during coil embolization, with 39% morbidity and 33% mortality in 1 prior review. 11 The greater impact of IPR during endovascular treatment compared to open surgery may be related to the ability to control bleeding with clips during surgery or to reduce the impact of new subarachnoid hemorrhage by suctioning and preventing elevated intracranial pressure.
Chronic obstructive pulmonary disease (COPD), coronary artery disease (CAD), and hyperlipidemia were identified as predictors of IPR. These findings suggest that processes that 
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damage the arterial endothelium may predispose patients to IPR. COPD and aneurysm rupture share several important epidemiological and pathophysiologic mechanisms. Smoking is a recognized risk factor for aneurysm growth and rupture that is positively correlated with the intensity of smoking, 17, 18 and COPD may be associated with risk of IPR through this association with smoking. Genetic and acquired ␣-1-antitrypsin deficiency, as well as increased levels of matrix metalloproteinases, have also been implicated in the pathogenesis of ruptured intracranial aneurysms. 18 -21 These findings suggest that patients with COPD may have more fragile vessels. In our study, we found that COPD increased the risk of IPR in patients undergoing coil embolization but not during surgery. The risk of IPR with COPD may be smaller with clipping because vessels are not approached intraluminally or simply because risk is predicted more strongly by other unidentified factors that obscure an association with COPD. COPD patients in CARAT where more commonly treated with coiling, so it is also possible that we did not have sufficient statistical power to describe the relationship between these two variables in the surgical group. We found that atherosclerosis and its risk factors were also associated with IPR. Specifically, CAD was associated with IPR overall and hyperlipidemia was associated with IPR in surgical patients. A recent pathological study reported increased expression of matrix metalloproteinase-9 in the walls of ruptured atherosclerotic aneurysms, which could increase fragility. 22 Systemic hyperlipidemia may be a surrogate marker of aneurysms that are often technically difficulty to treat surgically because of their large size and irregular morphology with calcified necks and domes. 23 The relationship between lower Hunt and Hess grade and a greater risk of IPR is perplexing. More rapid treatment of aneurysms with lower Hunt and Hess grade was not the explanation because IPR was not related to timing of treatment (PϾ0.34). We cannot rule out the possibility that IPR is simply less frequently reported in patients with greater pretreatment morbidity.
In the coiling group, IPR was significantly more frequent in patients of either Asian or black race. This finding is not attributable to selection bias as both patient groups were distributed equally among the 2 treatment groups. The risk of IPR was also higher in the unknown/other race group for all patients and clipped patients. These findings require validation with prospective data as a biological mechanism that would explain the risk of IPR in these diverse groups is not apparent.
CARAT has several important limitations. Data were not collected prospectively and patients were not randomized to treatment type. Additionally, IPR may not have been reported completely, particularly for small hemorrhages; thus the incidence of IPR may have been underreported and its consequences exaggerated by selective reporting of severe hemorrhages. Other than size and location, morphological features of aneurysms were not recorded and these may be important in determining the risk of IPR. Future study should consider the presence of multi-lobed or daughter aneurysms and the orientation of the aneurysm dome relative to the surrounding brain. These morphological factors may be important in regards to treatment modality selection and technical aspects of each procedure as they relate to the risk of IPR. Information regarding the circumstances surrounding IPR and the practioners' response, for example reversal of anticoagulation with protamine or proximal vascular control with temporary clips, was not systematically recorded and would be useful in better defining strategies to mitigate the consequences of this feared complication. We evaluated 16 variables as potential predictors of IPR, and it is possible that some associations were simply attributable to chance. Finally, these results reflect the experience of tertiary referral centers; thus, the outcomes may not be generalizable to community practice. 24 Despite these limitations, CARAT represents the largest cohort to date of both clipped and coiled patients in which data on IPR and its potential risk factors have been systematically collected, and illustrates the importance of studying this complication to reduce its frequency and impact. The overall risk of IPR (total bar height) was 5% with endovascular treatment and 19% with surgical clipping (*PϽ0.001). The risk of IPRassociated periprocedural death/disability (gray bars) was 63% with endovascular and 31% with surgical treatment (**PϽ0.023).

